Inferences about the catalytic mechanism of acetylcholinesterase (acetyicholine hydrolase, EC 3.1.1.7) are frequently made on the basis of a presumed analogy with chymotrypsin, EC 3.4.21.1. Although both enzymes are serine hydrolases, several differences in the steady-state kinetic properties of the two have been observed. In this report particujar attention is focused on the second-order reaction constant, kcat/KapD While the reported pH dependence and deuterium oxide isotope effect associated with this parameter for chymotrypsin are generally consistent with simple models involving rate-limiting general acid-base catalysis, this study finds a more complicated situation with acetylcholi- In the absence of the three-dimensional structure for acetylcholinesterase, inferences about its mechanism have been based both on studies of its substrate catalysis and on analogies drawn from chymotrypsin (see refs. 1, 12, and 13). Yet aside from the similarities which classify it as a serine hydrolase, acetylcholinesterase differs significantly from chymotrypsin both in size and in catalytic properties. 11S acetylcholinesterase is a tetramer of essentially identical catalytic subunits, each with a molecular weight of about 75,000 (14).' The active site includes an anionic group which aids in the binding of cationic substrates (see refs. 1, 12, and 13 
ticujar attention is focused on the second-order reaction constant, kcat/KapD While the reported pH dependence and deuterium oxide isotope effect associated with this parameter for chymotrypsin are generally consistent with simple models involving rate-limiting general acid-base catalysis, this study finds a more complicated situation with acetylcholinesterase. The apparent pKa of kcat/Kapp for acetylcholinesterase varies between 5.5 and 6.3 for neutral substrates and involves nonlinear inhibition by [H+J. Deuterium oxide isotope effects for kcat/Kapp range from 1.1 for acetylcholine to 1.9 for p-nitrophenyl acetate. The bimolecular reaction rate appears rate-limiting for acetylcholine at low concentrations, while a rate-limiting induced-fit step is proposed to account for apparent pKa values and low deuterium oxide isotope effects associated with low concentrations of phenyl acetate and isoamyl acetate. Acetylcholinesterase (acetylcholine hydrolase, EC 3.1.1.7) is classified as a serine hydrolase along with other esterases and peptidases which show essentially irreversible active-site phosphorylation (see ref. 1) . Equivalent-weight determinations and peptide analysis indicate that phosphorylation occurs only at a single serine residue, and the amino-acid sequence about this residue shows significant homology among the enzymes in this class (1, 2) . Three-dimensional structures of several serine hydrolases have been determined by x-ray crystallography, and further striking structural similarities have thus been revealed (3) . The native polypeptide conformations of chymotrypsin (EC 3.4.21.1), trypsin, and elastase are nearly superimposable. Blow et al. (4) have reported that a dominant feature of these structures is a "charge-relay" system of hydrogen bonds formed by the active site serine hydroxyl, a histidine imidazole side chain, and a carboxylate side chain in linear array. The evolutionary importance of this charge relay is demonstrated by its identification in subtilisin and other serine hydrolases structurally unrelated to chymotrypsin (see ref. 3).
The discovery of the charge-relay structure coincides with previous inferences about the catalytic mechanism of serine hydrolases from kinetic studies. A Of particular interest in these acetylcholinesterase studies is the suggestion that protonation of two groups in the free enzyme can affect activity (21) .
In this report a variability in the pKai of kcat/Kapp for several substrates of highly purified eel IIS acetylcholinesterase is confirmed. These pKal values and observed deuterium oxide effects provide new information about the acylation of acetylcholinesterase.
MATERIALS AND METHODS
Acetylcholinesterase from electric organs of the eel Electrophorus electricus was purified as an 11S species free of detectable protein contaminants as described previously (14). Acetic acid ester substrates were commercially available reagent grades; phenyl acetate and isoamyl acetate were redistilled and p-nitrophenyl acetate was recrystallized before use. p-Nitrophenyldiethylphosphate (Paraoxon) and deuterium oxide were from Sigma. Steady-state kinetic investigations at 250 and computer analyses of the resultant 1/v versus 1/[RX] plots were carried out essentially as described previously (22) . The reciprocal of the slope of such plots gives the relative kcat/Kapp, and the reciprocal of the intercept, the relative kat. Reaction volumes with the pH stat were either 5 or 10 ml, and standardized 0.005-0.10 N NaOH was the titrant. The solvent was 0.1 M NaCl unless otherwise noted, and the pH was adjusted with standard buffers. Spectrophotometric assays-were also used with phenyl acetate at pH 8.0 (0.1 M sodium phosphate, AE270 1400) and with p-nitrophenyl acetate both at pH 8.5 lease of protons for acetate at low pH and for phenol and pnitrophenol at high pH, both in H20 and D20.
The second order phosphorylation rate for p-nitrophenyldiethylphosphate was determined by monitoring the simultaneous hydrolysis of either methyl acetate or p-nitrophenyl acetate. Conditions were defined such that the ratio of the velocity of hydrolysis of the acetic acid ester (at a concentration far below its Kapp) to the free enzyme normality was effectively constant during the phosphorylation reaction; this permitted direct continuous determination of the phosphorylation rate by a technique previously applied to carbamoylating agents (23, 22; 
see ref. 13).
The effects of pH or high ionic strength on the kinetic parameters kcat/Kapp and kcat were assessed in terms of R. For pH studies, R is defined as the ratio of the value of the kinetic parameter at a given pH to that at pH 8.5 . For ionic strength variations, R is the ratio at a given ionic strength to that at 0.1 M NaCl. Values of the apparent inhibition constants Ka, and Kai" were estimated visually from the initial slopes of plots of 1hR versus [H'] (22) . Curvature in these plots precluded the computer analysis used previously (22) .
RESULTS
General Effect of pH on the Hydrolysis of Acetic Acid Esters. The pH dependence of phenyl acetate hydrolysis is shown in Fig. 1 Table 2 . These values for acetylcholine as a function of pH are shown in Fig. 3 . Because of the broad pH maximum shown by acetylcholinesterase, the deuterium oxide effects on the kinetic parameters observed at pH 8.5 should be little affected by deuterium isotope effects on the pKa values of enzyme catalytic groups. A deuterium oxide effect on kcat of somewhat greater than 2 is observed both for acetylcholine and phenyl acetate for which kcat = k3, and for substrates for which kcat < k3. The observed effect on kcat for phenyl acetate is consistent with a previous report of 2.3 (9) . In 
DISCUSSION
The variation in the apparent pKai from 5.5 to 6.3 among several acetic acid ester substrates is inconsistent with a formulation of Scheme 1 in which E and E-RX are in virtual equilibrium. Two formal ways of extending Scheme 1 to account for this variation may be proposed. In the first, protonation of either of two distinct groups in the free enzyme is postulated to affect activity by preventing substrate binding and/or blocking general acid-base catalysis. The affinity of cationic inhibitors for either the free or the acetyl enzyme is decreased by more than an order of magnitude with de- creasing pH (20, 27) . The apparent pKaj and pKal" corre, sponding to these decreases are 6.2-6.3, the same as that for the pH dependence of k3. From the coincidence of these pKa values plus further data on the effects of certain cationic ligands on deacetylation at low pH (20) , Krupka (21) has proposed that an imidazole of pKa 5.2-5.5 acts as a general base during acetylation and that a second imidazole of pKa 6.3 both acts as a general base during deacetylation and, when protonated, blocks cation binding at the catalytic site. Alternatively, one could postulate a single general base catalyst of pKa 5.2-5.5 in the free enzyme and pKa" 6.3 in the acetyl enzyme; the pKai of 6.3 in the free enzyme would correspond to the carboxylate group which defines the anionic site within the catalytic site. The pH dependence of betaine binding disputes this alternative postulate (20) .
Proposals which invoke two distinct groups in the free enzyme have difficulty in explaining the current data. The variation in the apparent pKai values among neutral substrates could be explained by postulating that protonation of the pKa 6.3 group reduces the binding of some, but not all, neutral substrates. Low deuterium oxide isotope effects observed for kcat/Kapp with certain substrates also would require a postulate of a variable deuterium oxide effect on substrate binding.
In view of these rather arbitrary postulates, it is of interest to consider a second formal extension of Scheme 1 in which the influence of kinetic rate constants alters the actual pKa value of a single catalytic group of pKa 6.3 in the free enzyme. If virtual equilibrium of E and E-RX in Scheme 1 does not obtain (k2 > k-1), then kmt/Kapp -k, (see refs. 28 and 13). Under this condition the bimolecular rate constant ki, not the general base catalysis step k2, becomes rate-limiting at low substrate concentrations. As shown by Renard and Fersht (28) , in this case the apparent pKal of a basic group required for k2 decreases by an amount directly related to k2/k-1. Furthermore, if k, becomes rate-limiting, little or no deuterium oxide effect would be expected. Although this formulation can account nicely for the low deuterium oxide effect observed here for acetylcholine, for which the high kcat/Kapp value ( Koshland (30) . Induced-fit as a pre-equilibrium process has been considered likely for a number of enzymes (30) (27) , carbamoylating (29) , and phosphorylating agents (see ref. 13), all of which appear to utilize the same catalytic pathway (12) . Phosphorylating agents are of particular interest in that, unlike other substrates and acylating agents, second-order enzyme phosphorylation rates depend significantly on the quality of the leaving group and display positive rho values (see ref. 32). Consequently the rate-limiting step according to Scheme 2 would appear to be the general base-catalyzed step k2, and any induced-fit step would occur in a prior equilibrium. In this case, the apparent pKa should be the actual pKa of the catalytic group. The pKa for second-order phosphorylation for one phosphorylating agent, p-nitrophenyldiethylphosphate, was observed to be 6.1 (Fig. 2, Table 2 ). This pKa approaches the highest pKa values observed with acetic acid esters and thus supports the idea that apparent pKa values below 6 are kinetically perturbed. However, the inhibition is again non-linear in [H+], a complication not anticipated by Scheme 2 for an agent for which k2 is presumably rate-limiting at all pH values. Such non-linearity may arise from the protonation of a second active site group which interacts with the pKa 6.3 group or from the intervention of an acidcatalyzed pathway at low pH, complexities beyond the scope of Scheme 2.
In Fig. 4 
